Barley is a model plant in genomic studies of Triticeae species. However, barley's large genome size and high repetitive sequence content complicate the whole-genome sequencing. The majority of the barley genome is composed of transposable elements (TEs). In this study, TE repeat junctions (RJs) were used to develop a large-scale molecular marker platform, as a prerequisite to genome assembly. A total of 10.22 Gb of barley nonassembled 454 sequencing data were screened with RJPrimers pipeline. In total, 9,881,561 TE junctions were identified. From detected RJs, 400,538 polymerase chain reaction (PCR)-based RJ markers (RJMs) were designed across the genome, with an average of 39 markers/Mb. The utility of designed markers was tested using a random subset of RJMs. Over 94% of the markers successfully amplified amplicons, among which ~90% were genome specific. In addition to marker design, identified RJs were utilized to detect 1190,885 TEs across the genome. In gene-poor regions of the genome Gypsy elements comprised the majority of TEs (~65%), while in gene-rich regions Gypsy, Copia, and Mariner were the main transposons, each representing an average ~23% of total TEs. The numerous RJ primer pairs developed in this study will be a valuable resource for barley genomic studies including genomic selection, fine mapping, and genome assembly. In addition, the results of this study show that characterizing RJs provides insight into TE composition of species without a sequenced genome but for which short-read sequence data is available.
The barley genome is large (5.1 Gb) and is comprised of ~84% repetitive sequences (International barley genome sequencing consortium, 2012). The large amount of repetitive elements is a major challenge to genome assembly, and results in large gaps between sequenced fragments. Recently, deep shotgun sequencing of the barley genome resulted in the assembly of contigs totaling 1.9 Gb in length. The remainder of the genome failed to assemble due to the high percentage of repetitive sequences (International barley genome sequencing consortium, 2012). Development of a high-resolution marker scaffold will facilitate genome assembly by anchoring contigs and repetitive sequence reads to chromosomes. In this effort, TEs, constituting more than 98% of the repetitive sequences in the barley genome (International barley genome sequencing consortium, 2012), provide an excellent opportunity for large-scale marker development due to their wide distribution across the genome (Kalendar et. al., 2011; Kumar et al., 2012) . Transposable elements are repetitive sequences that can change their location within the genome and are categorized into two main classes depending on the mode of action: Class I, or retrotransposons, move in a copy-and-paste mechanism by amplifying through intermediate RNA and inserting into new regions; Class II, or DNA transposons, move within the genome by excising from their original location and inserting into a new region in a cut-and-paste mechanism. Each TE class is further classified into subclasses, orders, and superfamilies (Wicker et al., 2007) . It is established that transposon activity is a main factor in inducing genomic diversity and evolution of species (Feschotte et al., 2002) . Therefore, in contrast to coding sequences, which are conserved among related species, transposon arrangements are variable, even among close lineages.
Transposable elements abundance and polymorphism have been exploited to develop several classes of molecular markers, most of which use TE insertion sites (for a review, see Kalendar et al., 2011) . Transposable element insertions generate unique junctions comprised of the boundaries between TEs and sequences of loci in which they land (Bennetzen, 2000) . Recently, You et al. (2010) developed RJPrimer software for the automated design of five classes of TE junction-based markers including: RJMs, repeat junction-junction markers, insertion-sitebased polymorphism (ISBP), interretrotransposon amplified polymorphism, and retrotransposon-based insertion polymorphism. Among these markers, ISBP and RJM are useful for high-throughput genotyping because they generate the highest number of primer pairs (You et al., 2010) . However, RJMs provide an extra advantage over ISBPs in functional genomic studies because ISBP markers are solely designed based on TE sequences, whereas RJMs could span both TE and genic sequences, and are able to capture genes. The RJM design involves identifying one primer that spans the unique TE junction sequence, and another primer from any type of sequence (Devos et al., 2005) . The uniqueness of RJMs has been utilized to map the D genome of hexaploid wheat by designing primers from its wild donor (Aegilops tauschii, DD) (Wanjugi et al., 2009) .
In addition to developing molecular markers, RJ analysis reveals transposon target regions that could unravel the mechanisms underlying dynamic evolutionary genome changes. It was previously shown that TE insertion is not a random process, and some transposons are preferentially inserted into specific regions (Li et al., 2004; Paux et al., 2006) . However, characterization of TE insertion has been mainly limited to few bacterial artificial chromosomes (BACs) that were manually annotated (Li et al., 2004; Paux et al., 2006; Bartos et al., 2008; Wicker et al., 2009) . In recent years, advances in next-generation sequencing have drastically reduced sequencing costs, resulting in the availability of vast amounts of sequencing data (Metzker, 2010) . These resources confer excellent opportunities to study genomes of species that are not completely sequenced.
In this study, we used barley survey sequencing data to detect RJs across the barley genome. Based on the detected RJs: (i) a large number of RJMs were designed, and their efficiency in PCR amplification was tested, (ii) the insertion pattern of TEs was characterized, and (iii) the TE composition from survey sequencing data was compared with that from gene-rich regions. The results of this study illustrate the utility of RJs toward analyzing highly repetitive and complex genomes and provide an overview of TE arrangements in the barley genome.
Materials and Methods

Genome Sequences
Shotgun sequencing data of barley chromosome 1H and 12 chromosome arms (2HS-7HL), generated from flow-sorted chromosomes, was downloaded from the NCBI SRA database (http://www.ncbi.nlm.nih.gov/sra?term=hordeum%20 vulgare%20[orgn]%20chromosome, verified 31 Jan. 2014). The accession used for sequencing was 'Betzes' barley. In total, 10.22 Gb sequencing data with 1.04 to 2.00´ coverage was downloaded to detect RJs and to design RJMs across the genome. Available sequences of expressed sequence tag (EST)-based contigs from chromosome 3H were used to extract TE composition from gene-rich regions. These sequences were also used to design 96 RJMs and test their efficiency for PCR amplification. The selected contigs originated from BAC clone sequences containing ESTs with known positions on a saturated genetic map developed by Sato et al. (2011) . From each map position, the largest contigs were selected. In total, 172 contigs, with an average size of 19,490 bp, were used. Contig sequences were downloaded from the Gbrowse system at Barley Contig Viewer (http://150.46.168.145/gbrowse/, verified 31 Jan. 2014).
Repeat Junction Analysis and Developing Repeat Junction Markers
Repeat Junctions were detected by RJPrimers pipeline v. 1.0 (http://probes.pw.usda.gov/RJPrimers/, verified 31 Jan. 2014). The Triticeae repeat sequence database was used for BLAST analysis and RJ detection. E-value cutoff was set to 1e-50 for the minimum top hit and 1e-5 for the minimum of all hits to reduce the detection of false positive RJs. Program default settings were used to design RJ primers from the detected RJs. To test for TE insertion specificity, a chi square test at p < 0.001 was performed. The expected frequency of each TE junction was calculated by multiplying the total number of junctions for the row and column of the desired cell (TE) and then dividing by the total number of observed junctions, as described by Boslaugh and Watters (2008) . The formula can be represented as follows: Expected frequency of cell (ij) = (ith row totals ´ jth column totals)/total no. of observed junctions.
Detection of Transposable Elements
A script was written to detect TEs based on junction incidence. The developed script extracts TE copy numbers from detected RJs and their associated TEs, provided by RJPrimers BLAST search. The script is 99% accurate in detecting TEs when combined with RJPrimer output. Transposable element identification was not possible in <1% of analyses due to lack of TE and RJ positional information. Identified TEs were categorized based on the classification of RJPrimers default parameters.
DNA Materials
Polymerase chain reaction amplification was conducted on seven barley lines and one wheat cultivar, Chinese Spring. The selected barley lines included five barley cultivars (H. vulgare): Betzes, Golden Promise, Bowman, Morex, Haruna Mugi, and two wild barley (H. bulbosum) accessions, PI 106880 and PI 206565, from Turkmenistan and Greece, respectively. Genomic DNA was extracted from the lyophilized tissue of young leaves, as described by Guidet et al. (1991) . To estimate the chromosome specificity of RJMs, entire chromosome 1H and 12 chromosome arms (2HS to 7HL) were isolated by flow cytometric sorting from Betzes and from wheat-barley ditelosome addition lines, respectively, as described by Suchánková et al. (2006) . DNA of flow-sorted chromosomes was purified and amplified by Phi29 polymerase, as described by Šimková et al. (2008) .
Polymerase Chain Reaction Amplification
Ninety-six RJMs distributed along chromosome 3H were randomly selected from gene-based contigs to amplify genomic or chromosomal DNA. Polymerase chain reaction amplification was conducted in 20 mL volumes consisting of 45 ng of genomic DNA or 4 ng of chromosomal DNA, 2.5 mM of MgCl 2 , 1´ PCR buffer, 0.25 mM of dNTPs, 0.37 µM of each primer, and 1.0 unit of Taq DNA polymerase. Touchdown PCR program was used as follows: 94°C for 4 min., 5 cycles of 94°C for 30 sec., 65°C for 30 sec., 72°C for 1 min., with the temperature decreased 1°C per cycle, followed by 35 cycles of 94°C for 30 sec., 60°C for 30 sec., 72°C for 1 min., and 72°C for 7 min. The PCR products were visualized on agarose (1.5% Agarose S, SeaKem LE Agarose, Lonza Group Ltd., Basel, Switzerland) gel electrophoresis (110 V, 45 min.) and scored for presence or absence. All the markers were multiplexed with a chloroplast-specific marker to provide a positive control against PCR miss-amplification. Polymorphic amplicons were applied to cluster barley lines by the DARwin 5.0.158 NJ (Cirad, Paris, France) unweighted clustering method.
Detection of SNPs and Indels in RJMs
The PCR products of six RJMs were purified using the QIAquickGel Extraction kit (Qiagen, Valencia, CA). Purified fragments were pair-end sequenced by GENWIZ (South Plainfield, NJ) Sanger DNA Sequencing Services. Sequence data were manually inspected for single nucleotide polymorphism (SNP) and indel presence using ChromasPro v. 1.5 software (Technelysium Pty Ltd, South Brisbane, QLD, Australia). Sequences with low-quality reads were omitted, and only the most reliable polymorphic nucleotides were determined as SNPs and/or single nucleotide indels.
Results
Development of Large Scale Repeat Junction Markers
Designing RJ Primers across the Barley Genome A total of 10.22 Gb unassembled 454 survey sequencing data were parsed for the presence of RJs using RJPrimers pipeline (Wanjugi et al., 2009 ). In total, 981,561 RJs with an average of 96 RJs/Mb were identified. It was assumed that RJs near the ends of 454 short reads (with average length of 482 bp) were undetected. To validate this assumption, we estimated the frequency of RJs based on 172 available chromosome 3H BAC contigs, with an average length of 19,490 bp. The frequency of RJs detected from contig sequences was 512/Mb, which is five times higher than the frequency of RJs detected in the 454 short-read sequences. Thus, it is anticipated that the actual number of RJs in the barley genome is about five times higher than what was estimated using shotgun survey sequences. The number of detected RJs was similar among all chromosomes except for chromosome 1H, where the number of detected RJs was almost half that of the other chromosomes. The small number of RJs identified on chromosome 1H was likely due to the short length of 1H sequence reads, which were half the size of other chromosome reads (Table 1) .
About 40.8% of identified junctions were developed into RJ primer pairs using RJPrimers software. The remaining junctions failed RJPrimer minimum threshold parameters designed to increase the likelihood of PCR amplification. Overall, 400,536 RJMs were developed from the 454 survey sequencing data, with an average of 39 markers/Mb (Table 1) . List of RJ primers and their sequences are available in Supplementary Table S1 through  Supplementary Table S7 .
Validation of RJMs in PCR Amplification
To test RJM utility, 35 RJ primer pairs distributed throughout chromosome 3H of barley cultivar Haruna Mugi were designed. Selected primer pairs were used in PCR reactions on seven barley lines and one wheat cultivar (Chinese Spring), as negative control. An additional set of 61 RJMs were tested on a radiation hybrid (RH) population of Betzes chromsome 3H and Chinese Spring (Mazaheri et al., unpublished data, 2014) . In total from 96 tested markers, 94.64% successfully amplified one, or in a few cases, two amplicons, among which 90.31% of the amplicons were barley-specific. Among 35 markers tested on barley accessions, 63.15% of the amplicons were polymorphic as presence or absence. This level of polymorphism separated all seven barley lines ( Supplementary Fig. S1 ). To test RJM chromosome specificity, the same 35 primer sets were used to amplify flow-sorted chromosome arms of Betzes barley. All primer sets amplified DNA fragments from chromosome 3H, except one primer pair that instead amplified a fragment from chromosome 5H. This result showed that RJMs designed from a specific chromosome of one cultivar can be applied to the same chromosome of a different cultivar. Assuming no contamination in chromosome sorting, 22.85% of the amplicons were specific for chromosome 3H, 68.58% were common to chromosome 3H and another chromosome(s), and 8.57% produced amplicons from all seven chromosomes.
To estimate SNP and single nucleotide indels rates within the RJM amplicons, six RJMs were selected: three RJMs with polymorphic and three RJMs with monomorphic amplicons among the seven barley lines. Amplicons from each line were sequenced for each selected marker. In total, 10,426 bp of sequence data were collected, and an average of one SNP or single nucleotide indel per 652 bp was detected, among which 25.01% were single nucleotide indels and 74.99% were SNPs. Transition and transversions comprised 55.55 and 44.45% of SNPs, respectively. The larger portion of transition to transversion frequency was expected due to high levels of TE methylation (Clark et al., 2005; Rabinowicz et al., 2005) . BLAST analysis of amplicon sequences against the TIGR EST barley database indicated that three of the six non-TE sequences contained genic sequences. It should be considered that, in this study, RJMs were characterized by using a small number of markers. However, the results are not expected to change significantly, considering numerous studies by others (Devos et al., 2005; Paux et al., 2008; Wanjugi et al., 2009; Kumar et al., 2012) arriving at similar results. However, to have a better estimation of polymorphism, chromosome specificity, and SNP rate, larger numbers of RJMs need to be tested.
Characterizing Transposable Elements in the Barley Genome using Repeat Junctions
Insertion Pattern of Transposons in the Genome
Detection of RJs allowed us to analyze the insertion pattern of TEs in the barley genome. Identified junctions were classified into five RJ classes based on the inserted elements (DNA transposons or retrotransposons) and target regions (DNA transposons, retrotransposons, or non-TE elements). In this study, non-TE elements refer to target sequences that are mainly composed of genes or intergenic regions (You et al., 2010) . Target and inserted elements were not differentiated, and RJs were classified solely on the two elements involved in the junctions, regardless of the order. For example, both "DNA transposon-retrotransposon" and "retrotransposon-DNA transposon" junctions were categorized into one class. Frequency of the five RJ classes and the most abundant junctions of TE superfamilies are shown in Fig. 1 . Insertion of retrotransposons, primarily Gypsy and Copia, into non-TE sequences comprised the majority of junctions (65.43%). "Retrotransposons-retrotransposons" comprised the second most common junction (19.52%), mainly containing the association of Gypsy with Gypsy and Gypsy with Copia. The third most common junction (10.15%) resulted from the insertion of DNA transposons, mostly CACTA, and in a lower amount, Mariner, into non-TE regions. The least common junctions were "DNA transposon-retrotransposon" and "DNA transposons-DNA transposons," representing only 3.76 and 1.15% of RJs, respectively. However, it should be considered that TE arrangements observed in current cultivars have undergone evolutionary changes such as genomic rearrangement and selection. Therefore, TE arrangements detected in this study do not necessarily represent ancestral TE insertion patterns in the barley genome.
Preferential association of nested TEs was explored by comparing the frequency of each TE-TE junction occurrence relative to an expected frequency of occurrence. Expected frequency of occurrence refers to the junction frequency if TE insertion occurs randomly, based on the relative abundance of target and inserted elements. Our analysis showed that TE insertion is not random, and TE superfamilies have preferential associations with one another (Supplementary Table S8 ). Overall, there were preferential associations within Class I and within Class II elements, with the exception of LINE (Class I) that had more association with CACTA and Mariner elements (Class II) and less association with Gypsy (Class I).
Estimating Copy Number of Transposons by their Insertion Sites
We developed an algorithm to identify TE copy number based on the unique junction sequences detected by RJPrimers. This software is specifically designed to detect RJs, and it does not provide accurate information on TE copy number. For example, if two RJs are detected at both ends of one TE in a short sequence, the TE will be reported twice in the RJPrimers output file. Consequently, extracting TEs from the output file would overestimate the TE copy number. To overcome this drawback, we developed a script that counts the correct copy number of TEs based on the information provided by the RJPrimers BLAST search. For example, considering the segment "non-TE-CACTAnon-TE", two RJs (i.e., non-TE-CACTA, CACTA-non-TE) and two CACTA elements (i.e., same element, counted once at each of two junctions) are detected by RJPrimers.
The program also provides information on the position of the two RJs on the sequence read and length of detected CACTA. Based on the first RJ position and CACTA length, our script estimates the position of the second RJ. If the second RJ position, estimated by the script, matches the second RJ position provided by RJPrimers, then the two CACTA elements are considered as one. Consequently, the script records two RJs but only one CACTA. This process is done for each read separately. The script is available on request. Utilizing this method on the barley survey sequencing data, 1,190,885 TEs were detected, with an average of 117/Mb. TE compositions were similar among all seven chromosomes (Supplementary Table S9 ).
Transposon Composition in Gene-Rich Regions
To further investigate the distribution of TEs in the genic regions, we narrowed the focus of analysis from 10.22 Gb of the survey sequencing data to 3.35 Mb sequences of chromosome 3H contigs anchored to EST markers (Sato et al., 2011) . At the time of this study, the selected contigs were the longest sequences anchored to a genetic map. The majority of the markers on genetic maps were previously shown to represent a small portion of the Triticeae genome located in recombination hot spots (Künzel et al., 2000 , Erayman et al., 2004 . Also, it has been shown that genes are mainly clustered in small gene islands within the Triticeae genome (Wicker et al., 2001; SanMiguel et al., 2002; Gu et al., 2004 , Lehmensiek et al., 2009 ). Therefore, we can assume that the selected EST-anchored contigs mainly represent small genomic regions composed of recombination hot spots within gene-clustered islands. Based on this assumption, we considered the selected contigs as representative of gene-rich regions compared with the random 454 survey sequencing data that represent the majority of the genome, which is relatively poorer in genic sequence content. Our data showed substantial differences in TE composition between gene-rich regions of chromosome 3H and the survey sequencing data of the same chromosome (Table 2) . In gene-rich regions, DNA transposon content increased 3.39 times from 12.97% in the survey sequencing data to 42.97%. This increase was mainly due to the 12-fold increase of Mariner superfamily in gene-rich regions. Conversely, the proportion of retrotransposon copy number decreased drastically from 86.03% in gene-poor to 55.98% in gene-rich regions, mainly due to a 2.6-fold reduction of Gypsy superfamily in gene-rich regions. In the survey sequencing data, TEs were mainly composed of three elements: Gypsy, Copia, and CACTA, covering 65.42, 21.64, and 9.43% of transposons, respectively. In contrast, TE composition of gene-rich regions comprised four dominant elements: Gypsy, Copia, Mariner, and CACTA, where Gypsy, Copia, and Mariner each represented an average 23.12% of TEs, and CACTA comprised 12.15% of TEs. Moreover, in gene-rich regions, retrotransposons-LINE, DNA transposon-Harbinger, and DNA transposon-Mutator content increased 21.53-, 9.77-, and 6.86-fold, respectively.
The majority of the TE superfamilies were distributed evenly along chromosome 3H, with the exception of two superfamilies. The first exception was retrotransposonCopia that was significantly more concentrated in the pericentromeic region and less concentrated in the short arm subtelomeric region. The other exception was DNA transposon-CACTA that was significantly more concentrated on the long arm telomeric region. (Supplementary Fig. S2 , Supplementary Table S10). However, the distribution of TEs identified in this study resulted from the analysis of sequences anchored to a genetic map. To identify the precise chromosomal regions occupied by specific TEs, transposon distribution needs verification on physical maps that are anchored along chromosomes.
In gene-rich regions of chromosome 3H, most of the detected RJs (97.38%) were the result of TE insertions into non-TE sequences (Supplementary Table 11 ). This result was expected because the frequency of genic and intergenic sequences, or non-TEs, is high in the gene-rich regions. Therefore, it is reasonable to detect the majority of TEs in the vicinity of non-TE sequences. Insertion of TEs into other TEs (nested TEs) in gene-rich regions composed only 2.62% of detected junctions, mostly located on the pericentromeric and long arm proximal regions (Supplementary Fig. S3 ).
Discussion
RJMs in Genome Analysis
Analysis of Triticeae genomes has been a major challenge due to their large size and high repetitive sequence content. In this study, we developed several hundred thousand RJMs distributed across the barley genome. Designed RJMs are potentially a valuable genetic tool for numerous genomic studies of the barley genome, including complete genome sequencing, map-based cloning, marker-assisted selection (MAS), genetic diversity analysis, evolutionary studies, and RH mapping.
Repeat junction markers could be indispensably useful for anchoring available barley sequence reads to chromosomes and developing a complete genome sequence (Mazaheri et al., unpublished data, 2014) . The recently published barley draft sequence is composed of physical maps that successfully cover most of the genome; however, within physical maps, considerable amount of sequence reads failed to assemble due to the high repetitive element content (International Barley Genome Sequencing Consortium, 2012).
In our study, an average 96 RJs/Mb were detected from unassembled 454 survey sequencing data. It was estimated that density of detected RJs can be increased to >480 RJs per Mb by using longer sequences of assembled reads. We were able to convert half of the identified RJs to PCR-based primer pairs; however, potentially all detected RJs could be utilized as probes in hybridization-based high throughput genotyping systems. The high density, wide distribution, and distinct iveness of RJMs could greatly improve the assembly of sequenced fragments and bridge the genomic gaps.
Additionally, RJMs are valuable for positional cloning, MAS, and saturating available genetic maps. We observed that TEs have the tendency to insert into specific regions. For example, 92.29% of Mariner elements were found in the gene-rich regions (Table 2 ), making it likely that Marinerbased RJMs map adjacent to genes. In contrast, Gypsy-based RJMs could be suitable for whole genome analysis, as Gypsy superfamily is the most abundant transposon in the barley genome. Also, we showed that Copia and CACTA occupy different chromosomal regions ( Supplementary Fig. S2 , Supplementary Table S10). Therefore, distinct classes of RJMs can be utilized according to the purpose of a given study.
Repeat junction markers also can elucidate the genetic diversity and pedigree relationships. It is well established that environmental stress triggers TE activity (Hua- Van et al., 2011) . Although TE-induced mutations can be lethal, in certain situations they improve genome adaptation to environmental conditions. Consequent evolutionary forces such as genetic drift can lead to the generation of new genotypes within species (Hua- Van et al., 2011) . Therefore, it is reasonable to expect high levels of RJM polymorphism among even closely related genotypes compared with other molecular markers. Repeat junction markers used in this study produced 63.15% polymorphic amplicons, which facilitated differentiation of all seven tested lines. However, the rate of polymorphism was different among different RJMs. We found that "Stowaway-non-TE" markers had the highest polymorphism (87.50%); in contrast, "CACTA-CACTA" markers were monomorphic among all tested lines. Among RJMs, retrotransposon-based markers are highly informative toward recognizing ancestral lines in phylogenetic trees. Retrotransposons amplify within the genome while they retain the original copies and locations. As a result, the absence of a retrotransposon could point toward the ancestral state (Kalendar et al., 2011) . This situation was observed in our data, where 76.92% of retrotransposonbased RJMs were absent in the two wild relatives of barley and present in each of the five cultivars screened.
Repeat junction markers also could be valuable for physical map development through RH mapping (Kumar et al., 2012) . The main obstacle in RH mapping is identifying genome-specific markers. For example, in developing a RH map of barley, mapping radiation-induced breaks of barley chromosomes in a wheat background is a conventional practice. Considering the high synteny between wheat and barley genomes, finding markers specific for barley that do not amplify wheat genomic sequence is a major challenge. Testing barley EST markers showed that only 14.21% of the markers were polymorphic between hexaploid Chinese Spring wheat and Betzes barley (Nasuda et al., 2005) , while amplification of RJMs on the same lines resulted in a 92.10% polymorphism rate. In addition, the deletion frequency of RJMs in the RH panel was reported about three times higher than the deletion rate of SSR and gene-based markers (Kumar et al., 2012) . We expect that RJMs will increase RH mapping efficiency in the near future.
RJ Analysis could Reveal the Structure of the Genome
The majority of detected RJs (75.57%) from the survey sequencing data resulted from transposon insertions into non-TE sequences (Fig. 1) . This result was expected, since it is known that the majority of Triticeae genome is composed of dispersed TEs (Wicker et al., 2001; SanMiguel et al., 2002; Gu et al., 2004) . Analysis of RJs in more details revealed that the majority of the barley genome is composed of strings of retrotransposons (Gypsy, and to a lesser level, Copia) and coding regions that are alternately repeated throughout the genome. Nested transposons comprised 24.42% of the RJs, mainly resulting from the insertion of Gypsy elements into other Gypsy elements, or from the association of Gypsy and Copia (Fig. 1) Table S8 ).
Unequal Distribution of TEs in the Genome
We developed a script to identify TE copy numbers based on their junctions. Table S9 ) but considerably different among gene-rich and gene-poor regions. In the gene-rich regions Gypsy copy number dropped by a factor of 2.61. The sudden drop of Gypsy is likely a consequence of selection pressure against the possibly deleterious insertion effect on gene function. By contrast, in gene-rich regions DNA transposons and non-LTR retrotransposons (LINE and SINE) increased by factors of 3.39 and 7.01, respectively. This result was expected since most DNA transposons and low-copy number retrotransposons are clustered in gene-rich regions in maize and wheat (Bureau and Wessler, 1994; Li et al., 2004; Bruggmann et al., 2006; Paux et al., 2006) . The most drastic increase of DNA transposons was observed as a 12-fold increase of Mariner ( Table 2 ). The high concentration of this superfamily in critical gene-rich regions might indicate the important role of Mariner toward improving gene functions. Copia was the only TE for which copy number did not change between gene-rich and gene-poor regions. This superfamily was more concentrated in centromeric and pericentromeric regions, which may indicate its role in centromerization or heterochromatinization.
Previously, it was suggested that unequal distribution of TEs could be explained by the gradual increase of recombination frequency from centromere to telomeres (Li et al., 2004) . However, we found a different distribution of Copia and CACTA between short and long chromosome arms ( Supplementary Fig. S2 and Supplementary Table S10), which indicates that factors other than recombination are involved in the distribution of TEs. Differences in preferential TE target sites and selection pressure on the inserted elements could be two factors in variable TE distribution on chromosomes.
Conclusions
In this study, we utilized unique RJ sequences to develop 400,536 PCR-based RJ primer pairs across the barley genome. The abundance of developed markers makes them useful for the barley genome assembly, as well as MAS and genomic selection in breeding programs. Also, because of the high genome specificity (90.13%), RJMs are ideal for RH mapping of the barley genome, currently underway. In addition to designing markers, we used RJ sequences to detect 1,190,885 TEs and their preferential insertion sites in 10.22 Gb of unassembled 454 survey sequencing data. The results of this study provide a general picture of TE arrangements in the barley genome and represent the first whole-genome analysis of TE insertion pattern in Triticeae. We showed that the majority of the barley genome was composed of alternate repeats of Gypsy and genic sequences. However, in gene-rich genomic regions Gypsy frequency decreased, while the frequency of Mariner and Copia increased, where each of the three elements comprised ~23% of transposons. Also, the majority of TEs in the gene-rich regions were distributed evenly along chromosome 3H, except for Copia and CACTA, which had variable distribution. We also showed that the majority of TE superfamilies were not inserted into random transposons but tended to insert into specific TEs. The results of this study indicate the efficiency of RJ sequences in designing high throughput markers and characterizing TEs in species for which the complete genome sequence is not available.
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